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HIGHLIGHTS 


•  Na2/3Co2/3Mn2/9Nii/902  by  a  sol  gel  method. 

•  This  layered  material  adopts  the  P2-type  structure  as  revealed  by  the  Rietveld  analysis. 

•  This  cathode  delivers  a  reversible  discharge  capacity  of  110  mAh  g-1  with  an  excellent  capacity  retention. 

•  Up  to  140  mAh  g-1  could  be  reached  if  cycled  between  2.0  and  4.5  V. 
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Owing  to  the  high  abundance  of  sodium  and  its  low  cost  compared  to  lithium,  sodium  ion  batteries  have 
recently  attracted  a  renewed  interest  as  possible  candidates  for  stationary  and  mobile  energy  storage 
devices.  Herein,  we  present  a  new  sodium  ion  intercalation  material,  NaxCo2/3Mn2/9Nii/g02,  which  has 
been  synthesized  by  a  sol-gel  route  in  air  followed  by  a  heat  treatment  at  800  °C  for  12  h.  Its  structure 
has  been  studied  by  X-ray  diffraction  showing  that  the  material  crystallized  in  a  P2-type  structure  (space 
group  P63/mmc).  As  far  as  the  electrochemical  properties  of  NaxCo2/3Mn2/gNii/g02  as  positive  electrode 
are  concerned,  this  compound  offers  a  specific  capacity  of  110  mAh  g-1  when  cycled  between  2.0  and 
4.2  V  vs.  Na+/Na.  The  electrodes  exhibited  a  good  capacity  retention  and  a  coulombic  efficiency  exceeding 
99.4%,  as  well  as  a  reversible  discharge  capacity  of  140  mAh  g-1  when  cycled  between  2.0  and  4.5  V. 
These  results  represent  a  further  step  towards  the  realization  of  efficient  sodium  ion  batteries,  especially 
considering  that  the  synthesis  method  proposed  here  is  simple  and  cost  effective  and  that  all  the 
electrochemical  measurements  were  carried  out  without  any  use  of  additives  or  any  optimization  for 
both  the  materials  and  the  cell  components. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sodium  ion  batteries  were  initially  studied  alongside  with 
lithium  ion  (Li-ion)  cells  in  the  80's  [1—5].  However,  the  latter 
technology  has  been  more  investigated,  due  to  the  fact  that  lithium 
is  the  lightest  metallic  element  and  possesses  the  lowest  redox 
potential  (£(u+/Li)  =  -3.04  V  vs.  SHE)  among  solids,  which  confers  to 
Li-ion  batteries  a  high  voltage  and  an  intrinsic  high  energy  density. 
Besides,  the  small  ionic  radius  of  Li+  typically  enables  a  smooth 
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diffusion  through  most  of  the  solids.  Therefore,  these  favourable 
properties,  coupled  to  the  electrolyte-electrode  interface  problems 
in  the  case  of  sodium  ion  batteries,  made  the  researchers  focus 
exclusively  on  Li-ion  cells. 

Li-ion  batteries  are  now  the  most  common  rechargeable  tech¬ 
nology  in  portable  electronic  devices  and  they  are  also  regarded  as 
possible  candidates  for  powering  future  generations  of  hybrid  and 
plug-in  hybrid  electric  vehicles.  In  addition  to  the  use  of  lithium  in 
batteries,  which  represents  25-30%  of  its  global  consumption  6], 
this  alkaline  metal  is  also  used  in  many  other  fields,  thus  increasing 
its  demand  each  year.  Therefore,  the  availability  of  lithium  has 
attracted  significant  concerns  lately,  since  it  could  become  pro¬ 
gressively  more  expensive  and  also  because  most  of  its  natural 
sources  are  located  in  politically  sensitive  areas. 
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The  abundance  and  the  low  cost  of  sodium,  as  well  as  its  suitable 
redox  potential  (£(Na+/Na)  =  -2.71  V  vs.  SHE)  have  then  made  the 
electrochemical  energy  storage  community  to  investigate  once 
again  Na-ion  batteries  as  possible  replacements  for  lithium  ones.  So 
far,  a  great  number  of  compounds  have  been  studied  as  positive 
electrode  materials  for  sodium  ion  batteries,  e.g.  olivines,  nasicon 
structures  and  also  layered  oxides,  since  their  lithium  counterparts 
are  known  for  their  commercial  application  as  cathodes  for  Li-ion 
cells. 

2D  layered  transition  metal  oxides  NaM02  (with  M  =  Co,  Mn,  Ni, 
Cr,  Fe)  have  been  studied  as  cathode  materials  for  sodium  ion 
batteries,  even  if  their  performance  is  not  comparable  to  that  of 
their  lithium  analogues.  Nevertheless,  they  could  still  represent  a 
further  step  towards  the  realization  of  sustainable  sodium  ion 
batteries,  especially  if  combined  in  more  cost-effective  and  simpler 
fabrications  together  with  non-toxic  and  abundant  materials  for 
the  remaining  cell  components  [7  .  Unlike  UMO2,  NaM02  possess 
different  crystal  structures  where  Na  is  located  either  in  octahedral 
or  in  prismatic  sites  between  the  layers  of  the  transition  metal 
octahedra  M06.  These  structures  differ  in  the  stacking  of  oxygen 
layers  with  ABCABC  for  03,  ABBA  for  P2  and  ABBCCA  for  P3  (O  and  P 
refer  to  the  octahedral  and  prismatic  sites  of  sodium,  respectively) 
[3,8-15]. 

In  particular,  NaxCo02  was  investigated  among  these  sodium 
oxides  in  1980's  demonstrating  its  feasibility  as  a  cathode  material 
for  sodium  ion  batteries.  NaxCo02  crystallizes  in  different  structures 
depending  on  the  oxygen  stoichiometry  that  depends  on  the  oxy¬ 
gen  pressure  used  during  the  synthesis  and  also  on  the  Na  amount 
which  can  vary  depending  on  the  synthesis  conditions  and  the  heat 
treatment  temperature  (0.55  <  x^  <  0.60  (P'3);  0.64  <  x^  <  0.74 
(P2);  XNa  =  0.77  (0'3)  and  XNa  =  1  (03)),  where  the  P2-phase  offers 
better  cycle  life  and  improved  energy  efficiency  2,5  .  P2-NaxCo02 
has  been  reinvestigated  [7,8]  showing  promising  results  with 
decent  reversible  capacity  and  cycleability.  However,  the  interca¬ 
lation/deintercalation  of  sodium  ions  in  this  material  occurs  by  the 
existence  of  well  defined  steps  in  the  voltage  profile  in  the  potential 
window  2.0-3.8  V  vs.  Na+/Na.  It  has  been  reported  in  another  work 
that  the  substitution  of  Co  with  Mn  P2-NaCo2/3Mni/302  13]  sta¬ 
bilizes  the  structure,  which  exhibits  only  one  voltage  step  at 
XNa  =  0.5  between  1.25  and  4.0  V,  this  being  due  to  the  coexistence 
of  Co3+  and  Mn4+.  However,  neither  the  values  of  the  capacity 
delivered  by  the  material  nor  the  coulombic  efficiency  were  re¬ 
ported.  The  study  of  the  structural  and  electrochemical  properties 
of  NaNii/3Mni/3Coi/302  was  reported  by  Sathiya  et  al.  12].  This 
compound  delivered  120  mAh  g-1  at  a  current  density  of  12  mA  g_1 
between  2  and  3.75  V  Nao.63Nio.22Coo.11Mno.66O2,  reported  by 
Buchholz  and  al.  [14]  delivers  a  specific  discharge  capacity  of 
134  mAh  g-1  at  a  current  rate  of  12  mA  g-1  in  the  voltage  range  of 
2-4.3  V.  Similar  compound  with  a  slight  difference  in  stoichiom¬ 
etry  Nao.67Mno.65Coo.2Nio.15O2  was  reported  by  Yuan  et  al.  [15  .  A 
specific  discharge  capacity  of  141  mAh  g_1  was  delivered  by  this 
electrode  material  when  cycled  between  2  and  4.4  V.  These  three 
compounds  display  high  discharge  capacities  with  good  capacity 
retention  and  good  rate  capability.  Thus,  the  coexistence  of  cobalt, 
manganese  and  nickel  in  the  transition  metal  layers  gives  these 
materials  their  good  electrochemical  performances. 

In  this  work,  we  have  synthesized  a  new  material,  P2-NaxCo2/ 
3Mn2/gNii/g02,  by  a  sol  gel  route,  in  order  to  improve  the  structural 
and  electrochemical  behaviour  of  NaCo02  where  we  assume  the  co¬ 
existence  of  Co3+,  Mn4+  and  Ni2+  [16  .  The  choice  of  substituting  Co 
with  Mn  and  Ni  actually  comes  from  previous  works  done  in  our 
group  on  lithium  analogues  16-19]  which  gave  excellent  specific 
discharge  capacities,  low  polarization  and  extensive  cycle  life. 
Indeed,  the  electrochemical  study  of  this  material  proves  that  the 
Na+  intercalation/deintercalation  process  is  reversible  and 


proceeds  smoothly,  thus  demonstrating  that  the  addition  of  both 
manganese  and  nickel  with  this  stoichiometry  stabilizes  the 
structure.  At  the  same  time,  this  approach  successfully  improved 
the  properties  of  the  material  leading  to  a  good  capacity  retention 
during  cycling  and  providing  a  high  coulombic  efficiency.  There¬ 
fore,  P2-NaxCo2/3Mn2/gNii/g02  represents  a  new  candidate  for  so¬ 
dium  ion  batteries  as  a  positive  electrode  material. 

2.  Experimental 

NaxCo2/3Mn2/gNii/g02  was  synthesized  by  a  sol  gel  route  using 
sodium,  cobalt,  manganese,  and  nickel  acetates  in  the  molar  ratio  of 
0.7:0.66:0.22:0.11  with  5%  excess  of  sodium.  The  stoichiometric 
amounts  of  the  precursors  were  mixed  in  distilled  water  and  then 
stirred  for  2  h  before  adding  the  chelating  agent,  which  here  was 
citric  acid.  The  mixture  was  kept  at  80  °C  under  constant  stirring 
until  a  homogeneous  gel  was  obtained.  The  latter  was  dried  over 
night  at  110  °C  in  order  to  obtain  a  powder.  The  resulting  powder 
was  ball  milled  and  further  heat-treated  in  a  furnace  at  800  °C  for 
12  h  under  air.  After  this,  the  material  was  stored  in  an  Ar-filled 
glove  box  (H2O,  O2  <  1  ppm). 

The  composition  of  the  material  NaxCo2/3Mn2/gNii/g02  was 
measured  using  Inductively  Coupled  Plasma  (ICP)  emission  spec¬ 
troscopy  (Spectro  Ciros  ccd)  in  terms  of  sodium  and  transition  metal 
contents.  The  crystalline  structure  of  the  synthesized  material  was 
characterized  by  X-ray  diffraction  (XRD)  using  a  Bruker  D8  Advance 
diffractometer  equipped  with  Cu  Ka  radiation.  The  XRD  pattern  was 
collected  in  the  26  range  of  10-90°  in  a  continuous  scan  mode  with  a 
step  size  of  0.01°  and  a  constant  counting  time  of  10  s.  Lattice  pa¬ 
rameters  were  refined  using  a  typical  Rietveld  method  imple¬ 
mented  in  the  FullProf  program  [20  .  The  powder  morphology  and 
the  size  distribution  of  the  particles  were  observed  by  high  reso¬ 
lution  scanning  electron  microscopy  (HR-SEM)  using  a  Zeiss  Leo 
1550  scanning  electron  microscope  equipped  with  a  X-MAX  EDX 
probe  (Oxford  Instruments)  for  elemental  analysis.  Infrared  (IR) 
measurements  were  carried  out  via  a  Perkin-Elmer  Spectrum  One 
FT-IR  spectrometer  equipped  with  an  attenuated  total  reflectance 
(ATR)  probe.  The  resulting  spectra  were  collected  in  the  wave- 
number  range  spanning  from  650  to  3000  cm-1. 

For  the  electrochemical  measurements,  the  positive  composite 
electrodes  were  prepared  by  mixing  75  wt%  of  the  active  material 
with  15  wt%  of  carbon  black  (Super  P)  conductive  additive  and 
10  wt%  of  polyvinylidene  fluoride  (PVDF)  binder  using  N-methyl-2- 
pyrrolidone  (NMP)  as  solvent.  The  slurry  was  then  casted  on  an  Al 
foil  and  dried  at  60  °C  for  3  h  in  a  convection  oven.  The  electrodes 
were  cut  into  20  mm  disks  by  a  precision  perforator  (Hohsen)  and 
dried  over  night  at  120  °C  in  a  vacuum  oven  within  the  Ar-filled 
glove  box  (M-Braun).  The  active  electrode  materials  have  an 
average  weight  of  5  mg.  Sodium  metal  was  used  as  both  reference 
and  counter  electrode  by  cutting,  rolling  and  pressing  sodium 
lumps  into  thin  plates.  A  thin  membrane  (Solupore)  was  used  as 
separator  between  the  sodium  plate  and  the  working  electrode.  The 
electrodes  were  assembled  and  vacuum-sealed  in  the  Ar-filled 
glove  box  into  “coffee-bag”  (polymer  laminated  aluminium 
pouch)  cells  [21]  with  0.5  M  NaPF6  electrolyte  dissolved  in  PC 
(polycarbonate).  All  the  electrochemical  measurements  were  car¬ 
ried  out  at  room  temperature  (25  °C)  via  a  VMP2  (Bio-Logic) 
equipment.  The  charge/discharge  studies  were  performed  galva- 
nostatically  at  a  current  rate  of  C/20  (i.e.  12.6  mA  g-1),  where  a 
period  of  20  h  is  required  to  remove  one  sodium  ion.  In  particular, 
two  different  cut-off  voltages  were  used:  the  first  one  between  2.0 
and  4.2  V  and  the  second  one  between  2.0  and  4.5  V.  The  rate 
capability  test  with  different  constant  current  rates,  C/n  (with 
n  =  20, 10,  5,  2, 1,  0.5),  was  performed  as  well.  Cyclic  voltammetry 
(CV)  measurements  were  carried  out  at  a  typical  scan  rate  of 
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0.1  mV  s-1  between  2.0  and  4.2  V  vs.  Na+/Na.  A  reproducibility  was 
checked  for  all  the  experiments,  including  the  synthesis,  by 
repeating  all  the  steps  at  least  twice. 

3.  Results  and  discussion 

3.2.  Structural,  compositional  and  morphological  study 

The  elemental  composition  of  NaxCo2/3Mn2/9Nii/g02  was 
investigated  using  the  ICP  method  and  the  results  were 
0.69:0.66:0.22:0.11  M  composition,  respectively,  for  Na:Co:Mn:Ni, 
which  is  consistent  with  the  expected  stoichiometry.  The  sodium 
amount  was  further  confirmed  by  the  Rietveld  refinement,  and  it 
will  be  assumed  to  be  2/3  in  the  following  sections. 

The  XRD  pattern  and  the  Rietveld-refined  results  of  the  as- 
prepared  material  are  depicted  in  Fig.  1.  The  diffractogram  clearly 
shows  a  single  phase  where  no  crystalline  impurities  were 
observed.  All  Bragg  diffraction  lines  indicate  that  Na2/3Co2/3Mn2/ 
gNii/g02  crystallizes  in  the  hexagonal  layered  structure  (P2-type 
structure)  with  the  space  group  P63/mmc.  The  unit  cell  parame¬ 
ters  obtained  from  the  structural  refinement  are  a  =  2.8274(7)  A 
and  c  =  11.0553(6)  A. 

The  P2-type  structure  has  ABBA  oxygen  packing  where  the 
transition  metal  ions  (i.e.  cobalt,  manganese  and  nickel)  occupy 
randomly  the  octahedral  sites,  while  the  sodium  ions  reside  in  two 
different  trigonal  prismatic  sites,  thus  forming  a  layered  structure 
where  Na+  is  sandwiched  between  (MO2)  slabs  (M  =  Co,  Mn,  Ni). 
The  transition  metals  are  located  in  2a  site  (0,0,0),  the  oxygen  in  the 
site  4f  (2/3, 2/3, z)  where  z  was  found  to  be  0.089  using  the  Rietveld 
refinement.  On  the  other  hand,  the  sodium  is  located  both  in  the 
site  2b  (0,0,1 /4),  where  the  prismatic  Na06  share  faces  with  the 
MOe  octahedra  (Nai),  and  in  the  site  2d  (2/3,1 /3, 1/4)  where  it  only 
shares  edges  (Na2).  Due  to  the  electrostatic  repulsion  between  the 
transition  metal  ions  and  sodium  ions  in  the  2b  site,  this  site  is 
expected  to  be  less  stable  compared  to  the  2d  site  for  sodium.  Fig.  2 
represents  the  P2-type  structure  of  Na2/3Co2/3Mn2/gNii/g02.  It 
should  be  noticed  that  in  the  case  of  the  LixMC>2  phases  (M:Co,  Ni, 
Mn),  all  the  synthesis  procedures  performed  at  high  temperatures, 
lead  to  stoichiometric  materials  (x  ~  1)  [16—19  .  Upon  lithium 
extraction  at  room  temperature,  these  phases  undergo  some 
structural  transitions  without  changing  the  octahedral 
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Fig.  1.  Observed  and  calculated  XRD  profiles  for  the  Na2/3Co2/3Mn2/9Nii/902  phase: 
(red)  observed:  (black)  calculated;  (blue)  difference  plot;  (green  bars)  Bragg  re¬ 
flections.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  this  article.) 
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Fig.  2.  Illustration  of  the  P2-structure,  presenting  the  two  different  Na06  prisms. 


environment  of  the  lithium.  This  could  be  related  to  the  high  sta¬ 
bilization  of  lithium  in  an  octahedral  site  as  a  result  of  its  smaller 
size  compared  to  sodium.  Nevertheless,  in  the  case  of  sodium 
phases,  the  high  iconicity  of  the  Na-0  bonding  comparing  to  Li-O, 
permits  many  possible  gliding  motion  of  the  (M02)n  slabs  during 
the  thermal  treatment  or  upon  sodium  removal.  So,  the  structure  of 
NaxMC>2  depends  on  the  annealing  temperature,  the  oxygen  pres¬ 
sure  and  the  amount  of  sodium  ions. 

The  distribution  of  the  sodium  ions  in  the  two  sites  was  iden¬ 
tified  by  the  Rietveld  method.  The  refined  parameters  are  sum¬ 
marized  in  Table  1.  Note  that  BiS0  factors  for  sodium  ions  are 
relatively  high  indicating  a  high  mobility  of  this  ion  within  the 
structure.  This  point  could  be  considered  as  an  advantage,  as  the 
sodium  extraction/insertion  reaction  requires  a  good  ionic  con¬ 
duction  of  the  host  material. 

The  SEM  images  at  different  magnification,  presented  in  Fig.  3, 
confirm  the  hexagonal  layered  structure  of  the  compound,  as  it  is 
easily  noticed  from  the  characteristic  morphology  of  the  powders. 


Table  1 

Crystallographic  parameters  of  the  Na2/3Co2/3Mn2/9Nii/902  refined  by  Rietveld 
analysis.  Conventional  reliability  factors  of  the  refinements  are  given  as  well. 


Space  group 
P63/mmc 

ahex.  =  2.8274(7)  A 
Chex.  =  11.0553(6)  A 

Atom  Wyckoff  positions  Occupancy  B  A-2 


Na! 

2b 

0 

0 

1/4 

0.279(7) 

3.4(7) 

Na2 

2d 

2/3 

1/3 

1/4 

0.410(4) 

2.2(6) 

Co 

2a 

0 

0 

0 

2/3 

0.25 

Mn 

2a 

0 

0 

0 

2/9 

0.25 

Ni 

2a 

0 

0 

0 

1/9 

0.25 

O 

4f 

1/3 

2/3 

0.089(6) 

1.000 

1.6(3) 

Profile  parameters 
Vo  =  0-40(5) 

X  =  0.0075(1) 

U=  0.061(9) 

V=  -0.038(5) 

W=  0.013(8) 

Conventional  Rietveld  R-factors  for  points  with  Bragg  contribution 
Rwp  =  10.4%;  Rb  =  2.87 % 


278 


S.  Doubaji  et  al.  /  Journal  of  Power  Sources  266  (2014)  275—281 


Fig.  3.  SEM  images  taken  at  different  magnifications  for  Na2/3Cc>2/3Mn2/gNii/g02  pow¬ 
ders.  Note  the  typical  hexagonal-like  shape  of  some  large  particles  in  both  micrographs. 

The  typical  size  of  the  particles  is  found  to  be  between  1  and  3  pm. 
Some  rough  features  are  noticed  on  the  surface  of  the  particles, 
which  here  are  believed  to  be  due  to  the  presence  of  sodium  car¬ 
bonate.  Indeed,  they  can  originate  from  the  sodium  being  extracted 
from  the  structure  by  exposure  to  air  12,14,22].  In  order  to  confirm 
this  hypothesis,  IR  measurements  were  performed  on  the  pristine 
material  (See  the  Supporting  Information).  The  presence  of  two 
bonds  at  863  cm"1  (corresponding  to  <5(0— C—O))  and  at  1450  cm”1 
(corresponding  to  u(C— O)),  confirms  the  existence  of  sodium  car¬ 
bonate  on  the  surface  of  the  compound  [12  . 

Moreover,  the  chemical  maps  obtained  during  the  elemental 
analysis  via  SEM/EDX  show  an  even  distribution  for  sodium  on  the 
surface  of  the  synthesized  powders.  Also  the  distribution  of  the 
other  elements  present  in  the  compound  (i.e.  Co,  Mn,  Ni,  O  and  C) 
appeared  homogeneous.  Therefore,  Na  was  distributed  quite  ho¬ 
mogeneously  in  the  compound,  irrespectively  of  the  slight  surface 
contamination  with  Na2C03  due  to  air  exposure.  Thus,  in  order  to 
prevent  such  a  contamination,  the  studied  samples  were  kept  in¬ 
side  the  inert  atmosphere  of  the  glove  box. 

32.  Electrochemical  tests 

The  open  circuit  voltage  (OCV)  of  all  the  cells  with  Na2/3Co2/ 
3Mn2/gNii/g02  as  the  cathode  material  was  2.84  V  (vs.  Na+/Na). 
Fig.  4  shows  the  potential  versus  the  amount  of  deintercalated 
sodium  (i.e.  V  vs.  Na+/Na  and  x  in  NaxCo2/3Mn2/gNii/g02)  for  the  first 


Fig.  4.  Galvanostatic  charge/discharge  profiles  for  the  first  five  cycles  undergone  by 
the  Na2/3Co2/3Mn2/gNii/g02  electrode  in  the  potential  window  2-4.2  V  vs.  Na+/Na  at  a 
rate  of  C/20  (i.e.  12.6  mA  g-1).  Note  that  the  horizontal  axis  represents  the  storage 
capacity  of  the  compound,  i.e.  x  moles  of  deintercalated/intercalated  Na+  in  Na*Co2/ 
3Mn2/gNii/g02. 


five  cycles  between  2.0  and  4.2  V  using  a  rate  of  C/20  (i.e.  a  current 
of  12.6  mA  g”1).  The  shape  of  the  curves  clearly  shows  that  the 
sodium  extraction/insertion  in  the  studied  material  is  reversible 
with  three  distinct  plateaus  at  about  3.4, 3.6  and  4.0  V.  The  amount 
of  sodium  removed  after  the  first  charge  is  0.32  (i.e.  Nao.3sCo2/3Mn2/ 
gNii/g02),  which  corresponds  to  delivering  a  specific  capacity  of 
80  mAh  g”1.  At  the  end  of  the  subsequent  discharge,  the  interca¬ 
lated  Na+  amount  is  0.42  (i.e.  Nao.77Co2/3Mn2/gNii/g02),  thus 
increasing  the  initial  content  of  sodium  present  in  the  compound 
and  consequently  providing  a  higher  discharge  capacity  of  about 
107  mAh  g”1.  The  shape  of  the  curve  from  2.0  V  to  3.4  V  demon¬ 
strates  a  solid  solution,  however,  at  3.4  V  a  jump  of  the  voltage  is 
noticed,  which  could  be  explained  by  the  existence  of  a  structural 
or/and  electronic  transition  at  these  potentials  [13].  Note  that  the 
behaviour  of  the  lithium-based  electrode  materials  LiMC>2,  such 
structural  or/and  electronic  transitions  accompanied  by  potential 
plateau  are  not  habitually  observed  as  a  result  of  the  high  covalency 
of  the  Li-0  bonding.  In  general,  a  continuous  evolution  of  the  po¬ 
tential  with  composition  is  obtained  [17  . 

A  galvanostatic  test  was  performed  with  a  rate  of  C/20  (i.e. 
12.6  mA  g”1)  between  2.0  and  4.2  V  for  90  cycles  in  order  to  study 
the  evolution  of  the  capacity  of  the  material  during  cycling,  which  is 
represented  in  Fig.  5.  The  material  offers  a  reversible  capacity  of 
110  mAh  g”1  showing  a  good  capacity  retention,  a  loss  of  only  11% 
of  the  initial  capacity  after  90  cycles  and  a  very  good  coulombic 
efficiency  exceeding  99.4%.  It  was  also  noticed  that  the  capacity 
started  to  increase  from  107  to  110  mAh  g”1  during  the  first  10 
cycles.  After  that,  the  specific  capacity  gradually  stabilized  and  also 
the  coulombic  efficiency  after  the  first  cycle  increased  from  about 
98.0%  to  99.4%  remaining  stable  upon  subsequent  cycling.  This  can 
be  explained  by  the  fact  that  the  battery  cycling  progressively 
stabilizes  as  the  sodium  begins  to  intercalate  smoothly  into  the 
compound  after  the  first  few  cycles. 

The  rate  capability  test  started  with  the  first  nine  cycles  at  a  rate 
of  C/20  (12.6  mA  g”1)  followed  by  six  cycles  at  the  increasing  rates: 
C/10  (25.2  mA  g”1),  C/5  (50.4  mA  g”1),  C/2  (126.3  mA  g”1),  1C 
(252.6  mA  g”1 ),  and  2C  (505.2  mA  g”1 ),  respectively,  to  lastly  return 
to  C/20  with  six  cycles.  The  evolution  of  the  capacity  upon  pro¬ 
gressive  cycles  and  the  associated  coulombic  efficiency  are  pre¬ 
sented  in  Fig.  6.  Na2/3Co2/3Mn2/gNii/gC>2  clearly  showed  promising 
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Fig.  5.  Evolution  of  the  discharge  capacity  and  the  coulombic  efficiency  of  the  Na2/ 
3Co2/3Mn2/9Nii/g02  electrode  with  the  cycle  number  upon  galvanostatic  cycling  at  a 
rate  of  C/20  (i.e.  12.6  mA  g  1). 


Fig.  7.  Cyclic  voltammogram  for  the  Na2/3Co2/3Mn2/9Nii/g02  electrode  cycled  at  a  scan 
rate  of  0.1  mV  s^1  between  2  and  4.2  V.  Note  that  seventeen  consecutive  cycles  are 
reported  in  the  same  plot. 


results  also  in  this  preliminary  test.  This  compound  indeed  offered 
a  series  of  specific  capacities  of:  105  mA  g-1  at  C/10, 104  mA  g-1  at 
C/5,  96  mA  g_1  at  C/2,  77  mA  g'1  at  1C,  and  67  mA  g_1  at  2C, 
respectively.  Finally,  it  fully  recovered  the  initial  capacity  of 
110  mA  g_1  in  the  last  cycles  performed  at  C/20  displaying  an 
excellent  coulombic  efficiency,  which  overall  varied  between  99 
and  95%  during  the  entire  rate  capability  test. 

The  cyclic  voltammogram  yielded  by  the  Na//NaxCo2/3Mn2/gNii/ 
902  electrochemical  cell  scanned  between  2.0  and  4.2  V  vs.  Na+/Na 
at  a  rate  of  0.1  mV  s-1  is  presented  in  Fig.  7.  Three  anodic  peaks  (i.e. 
Na+  deintercalation)  are  observed  with  central  positions  respec¬ 
tively  at  3.4,  3.69  and  4.05  V  corresponding,  on  their  turn,  to  the 
three  cathodic  peaks  seen  at  3.3,  3.58  and  3.95  V  during  the 
reductive  part  of  the  cycle  (i.e.  Na+  intercalation).  It  is  clearly 
noticed  that  these  couples  of  redox  peaks  are  rather  symmetric  in 
shape  and  extension.  Only  a  small  separation  in  voltage  exists  be¬ 
tween  each  of  them,  thus  indicating  that  the  various  intercalation/ 
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Fig.  6.  Evolution  of  the  specific  discharge  capacity  and  the  coulombic  efficiency  during 
galvanostatic  cycling  of  the  Na2/3Co2/3Mn2/gNi1/902  electrode  between  2.0  and  4.2  V  vs. 
Na+/Na  at  different  C-rates.  The  first  nine  cycles  were  performed  at  C/20  (i.e. 
12.6  mA  g-1).  The  cycles  comprised  between  10  and  39  illustrate  the  behaviour  of  the 
electrode  at  increasing  C-rates,  namely  C/10  (25.2  mA  g  1),  C/5  (50.4  mA  g_1),  C/2 
(126.3  mA  g_1),  1C  (252.6  mA  g  1),  and  2C  (505.2  mA  g'1).  From  cycle  no.  40,  the 
electrode  was  once  again  subjected  to  a  C/20  rate. 


deintercalation  processes  are  reversible  and  do  not  suffer  from  any 
significant  energy  loss  in  each  cycle  at  such  scan  rate.  Indeed,  only  a 
slight  shift  of  the  anodic  peaks  towards  higher  potentials  and  a 
similar  one  for  the  cathodic  features  towards  lower  voltages  is 
observed.  This  confirms  the  high  stability  and  reversibility  of  the 
compound  and  also  helps  in  decreasing  the  polarization  with 
cycling.  The  benefits  related  to  these  features  can  be  clearly  seen 
also  in  the  evolution  of  the  coulombic  efficiency  presented  in  Fig.  5. 

The  shape  of  the  peaks  in  the  cyclic  voltammogram  confirms 
also  the  origin  of  the  capacity  retention  observed  upon  galvano¬ 
static  cycling.  In  earlier  studies  of  NaM02  (with  M  =  Co,  Mn,  Ni) 
structures,  a  multitude  of  redox  peaks  were  observed  in  their 
associated  CV  analyses,  especially  for  the  simple  compounds  having 
only  one  transition  metal,  such  as  NaxCo02  and  NaNi02  [7,8,23].  As 
a  matter  of  fact  here  we  have  only  three  peaks,  which  confirms  that 
the  added  transition  metals  stabilize  the  structure  allowing  for  a 
smooth  sodium  intercalation/deintercalation  process.  The  latter 
leads  to  the  good  capacity  retention  and  the  high  coulombic  effi¬ 
ciency  observed  in  this  material  even  in  absence  of  any  optimiza¬ 
tion  for  both  the  electrode  formulation  and  the  electrolyte. 

Looking  back  at  the  redox  features  in  the  voltammogram  in 
Fig.  7,  it  is  worth  mentioning  that  in  the  03-type  structure  com¬ 
pounds  (a-NaFe02  type  structure),  the  CV  peaks  correspond  to 
phase  transitions  [9,12  where  the  different  phases  differ  from  each 
other  by  a  gliding  of  the  oxide  layers.  For  the  P2-type  structure, 
however,  an  in-situ  XRD  study  24]  showed  that  the  only  transition 
that  occurs  is  that  causing  the  change  from  the  P2  to  the  02  phase. 
In  fact,  02-type  stacking  faults  started  to  appear  in  the  P2-type 
structure  in  the  XRD  pattern  when  *Na  ~  1/3.  The  coexistence  of 
these  two  phases  was  identified  when  xNa  <  1/3.  The  P2-02  phase 
transition  is  then  represented  by  a  pronounced  oxidative  peak  at 
about  4.2  V  in  the  cyclic  voltammogram.  However,  we  do  not 
observe  here  this  transition  in  such  potential  window,  since  the 
initial  amount  of  sodium  in  the  compound  was  XNa  =  2/3  and  in  the 
first  charge  only  0.32  mol  of  Na+  were  extracted.  All  the  peaks 
present  in  the  cyclic  voltammogram  are  reported  in  the  literature 
and  they  are  related  to  the  different  alignments  and  staging  of  the 
sodium  layers  occurring  when  the  sodium  ions  are  deintercalated. 
The  same  plateau  is  noticed  also  in  similar  P2  compounds  14,15].  It 
should  be  noticed  that  an  in-situ  XRD  study  of  the  NaxCo2/3Mn2/ 
gNii/g02  samples  is  in  progress  in  order  to  deeply  elucidate  the 
sodium  extraction/insertion  mechanism. 
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Note  that  the  oxidation  states  of  the  transition  metals  in  Na2/ 
3Co2/3Mn2/9Nii/g02  are  expected  to  be  respectively  Co3+,  Co4+, 
Mn4+  and  Ni2+  [13-16].  The  Mn3+/Mn4+  redox  couple  was  found  to 
be  active  in  similar  compounds  14,15  and  it  is  manifested  by  a  CV 
peak  between  2  and  3  V  which  is  not  the  case  for  our  compound.  In 
particular,  the  capacity  can  be  generated  from  the  oxidation  of  Co3+ 
to  Co4+  or  Ni2+  to  Ni4+  via  Ni3+,  as  well  as  from  both  oxidative 
processes  at  the  same  time. 

Another  galvanostatic  cycling  experiment  was  also  performed 
between  2.0  and  4.5  V  in  order  to  observe  the  electrochemical 
behaviour  of  the  material  upon  charge/discharge  in  such  high 
voltage  region.  Fig.  8  shows  the  profile  of  the  potential  (i.e.  V  vs. 
Na+/Na)  versus  the  amount  of  sodium  (i.e.  x  in  NaxCo2/3Mn2/gNii/ 
9O2)  for  the  first  five  cycles  run  between  2.0  and  4.5  V  using  a  rate  of 
C/20  (i.e.  12.6  mA  g-1).  The  shape  of  the  charge/discharge  curves 
shows  that  the  electrochemical  process  is  still  reversible  even  at 
this  high  upper  cut-off  voltage  and  a  new  plateau  is  observed  at 
4.3  V.  Deep  charging  of  NaxCo2/3Mn2/gNii/g02  to  4.5  V  gives  a  first 
specific  charge  capacity  of  125  mAh  g'1  corresponding  to  a  removal 
of  0.5  Na+.  In  the  subsequent  discharge,  an  amount  of  0.55  Na+  is 
inserted  in  the  material,  which  corresponds  to  a  specific  discharge 
capacity  of  140  mAh  g-1.  The  evolution  of  the  discharge  capacity 
and  the  coulombic  efficiency  during  cycling  are  presented  in  Fig.  9. 
The  new  plateau  observed  at  4.3  V  is  expected  to  result  from  the 
transition  of  the  P2  to  the  02  phase,  as  earlier  mentioned.  The 
extent  of  the  new  plateau  in  the  first  charge  accounts  for  about 
40  mA  g_1  and  in  the  first  discharge  for  approximately  28  mA  g-1. 
In  the  second  charge  and  discharge  it  accounts  for  36  mA  g^1  and 
20  mA  g_1,  respectively.  Therefore,  some  doubts  still  remain  about 
the  complete  reversibility  of  the  reactions  taking  place  in  corre¬ 
spondence  of  this  high  voltage  plateau.  Possible  electrolyte  degra¬ 
dation  at  such  a  high  potential  could  be  the  origin  of  this 
phenomenon. 

Fig.  10  shows  a  comparison  of  the  cycleability  of  NaxCo2/3Mn2/ 
gNii/g02  when  subjected  to  the  same  C/20  rate  using  these  two 
different  cut-off  voltages,  i.e.  2.0-4.2  V  and  2.0-4.5  V.  In  the  first 
two  cycles  the  behaviour  is  similar  and  both  the  discharge  capacities 
and  the  coulombic  efficiency  start  to  increase  in  both  cases.  Never¬ 
theless,  after  this  initial  stage,  a  capacity  fading  is  observed  for  the 
cycling  of  the  compound  with  the  higher  cut-off  voltage  of  4.5  V. 


Fig.  9.  Evolution  of  the  discharge  capacity  and  the  coulombic  efficiency  of  the  Na2/ 
3Co2/3Mn2/9Nii/902  electrode  upon  galvanostatic  cycling  between  2.0  and  4.5  V  vs.  Na+/ 
Na  at  C/20. 

Although  this  irreversibility  can  be  explained  by  some  changes  or 
distortions  in  the  structure,  due  to  the  gliding  of  the  transition  metal 
layers  caused  by  the  high  voltage,  the  decomposition  of  the  elec¬ 
trolyte  by  oxidation  still  remains  the  most  probable  cause.  In  fact, 
the  electrochemical  cycling  has  been  carried  out  here  without  using 
any  additives  in  the  electrolyte.  In  this  respect,  Komaba  et  al.  [25] 
reported  that  the  addition  of  FEC  (FluoroEthylene  Carbonate)  in 
the  electrolyte  increases  the  capacity  retention  and  the  coulombic 
efficiency  when  working  at  high  voltages. 

Finally,  it  is  possible  to  state  that  a  synthesis  of  the  same  ma¬ 
terial  with  a  lower  amount  of  sodium  might  be  a  good  way  to  in¬ 
crease  the  capacity  at  lower  voltages,  since  the  capacity  gained  by 
Na2/3Co2/3Mn2/gNii/g02  upon  charge  to  4.5  V  is  mostly  generated 
from  the  plateau  related  to  the  P2-02  transition. 

4.  Conclusions 

In  summary,  we  have  synthesized  a  novel  layered  sodium  ion 
compound  with  the  formula  Na2/3Co2/3Mn2/gNii/g02  by  a  sol  gel 
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Fig.  8.  Galvanostatic  charge/discharge  profiles  for  the  first  five  cycles  of  the  Na2/3Co2/ 
3Mn2/9Ni1/902  electrode  cycled  between  2.0  and  4.5  V  vs.  Na+/Na  at  C/20  (i.e. 
12.6  mA  g-1).  The  stoichiometric  amount  of  Na+  released  and  incorporated  by  the 
compound  in  its  structure  is  reported  on  the  horizontal  axis  of  the  graph  and  is  directly 
related  to  its  specific  capacity. 
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Fig.  10.  Comparison  of  the  specific  discharge  capacities  provided  by  the  Na2/3Co2/ 
3Mn2/9Nii/902  electrodes  upon  galvanostatic  cycling  (10  cycles)  at  C/20  using  two 
different  upper  cut-off  voltages  (i.e.  4.2  V  and  4.5  V).  Note  the  different  trend  of  the 
data  points  related  to  these  two  cases. 
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method  followed  by  a  heat  treatment  under  air.  This  new  cathode 
material  is  able  to  deliver  a  specific  discharge  capacity  of 
110  mAh  g'1  when  cycled  between  2.0  and  4.2  V,  showing  an 
excellent  capacity  retention  and  a  high  coulombic  efficiency.  This 
result  is  clearly  promising,  especially  considering  that  the  elec¬ 
trodes,  the  electrolyte  and  the  entire  cell  assembly  were  not  opti¬ 
mized.  Some  other  limitations  in  the  electrode  material  could  be 
eventually  minimized  by  further  tuning  its  synthesis  process  and 
its  coating. 

The  good  performance  of  the  material  is  due  to  the  combination 
of  the  three  transition  metals:  cobalt,  manganese  and  nickel,  where 
their  coexistence  is  shown  to  significantly  stabilize  the  structure 
allowing  a  smooth  intercalation/deintercalation  process  for 
sodium. 

The  material  delivered  a  high  reversible  capacity  of  140  mAh  g-1 
when  cycled  between  2.0  and  4.5  V.  However,  at  this  high  voltage 
the  material  suffers  from  a  remarkable  capacity  fading  likely  caused 
by  the  decomposition  of  the  electrolyte.  Having  an  additive  in  the 
electrolyte  could  be  a  simple  route  to  achieve  a  stabilization  of  the 
capacities  upon  cycling  in  such  high  voltage  range.  Thus,  P2-Na2/ 
3Co2/3Mn2/9Nii/g02  can  be  considered  a  new  interesting  candidate 
as  a  viable  positive  electrode  for  Na-ion  battery  applications. 
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